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ARTICLE INFO abstract

Growth hormone pituitary adenomas (GHomas) are the second most common of pi-
tuitary tumors that hypersecrete prolactin. In clinically, the treatment and diagnosis of 
GHomas are limited, and the earlier and more frequent recurrences were demonstrated 
in invasive pituitary adenomasa. The identification of the association of genetic mutation 
and GHomas progression can provide significant interest to patients with GHomas.  In 
recent years, studies of GHomas focused on the identification of genetic mutation in spo-
radic pituitary adenomas. Previously, a study has shown DPCR1, EGFL7, the PRDM family 
and LRRC5 in pituitary adenomas are probably functional in modifiers of tumorigenesis, 
development of oncocytic change and invasive tumor phenotype.  The detection of genet-
ic mutations still needs further study. Whole-exome sequencing, for spectrum of genetic 
alterations at present study, was performed on 7 sporadic GHomas DNA and correspond-
ing blood samples. In total, 293 variants were predicted to be functionally damaged in 7 
tumor samples (median 41 mutations/sample; range: 40-73). 

4 candidate driver mutations, including RBM43, KRTAP4-9, GNGT2, and CENPW, 
were identified and functional significance analyses suggest that GNGT2, but not the oth-
er three genes, may contribute to the pathogenesis of GHomas. Lastly, gene ontology and 
pathway analyses identified mutations in 31 genes that were associated with metabolic 
pathways (22 genes), calcium signaling (7 genes) and adipocytokine signaling pathways 
(5 genes), respectively, implicating these pathways in the pathogenesis of GHomas. In con-
clusion, several candidate somatic mutations and changes in copy numbers for GHomas 
were identified. (The results showed no recurrence of mutations in the tumors studied 
but a low number of mutations, thereby highlighting their benign nature). Further studies 
on a larger cohort of TSHomas, along with the use of epigenetic and transcriptomic ap-
proaches, may reveal the underlying genetic lesions.

Conclusion: Our results demonstrated no recurrence of mutations in the tumors 
studied. Interestingly, the data suggested that metabolic, calcium signaling or adipocy-
tokine signaling pathways might be involved in tumor pathogenesis, suggesting further 
studies on a larger cohort of tumor tissues. Further, epigenetic approaches may be benefi-
cial in revealing the etiology of sporadic GH-secreting pituitary adenomas.

DOI: 10.26717/BJSTR.2019.15.002641

Introduction
The incidence of pituitary adenomas in the population is 

approximately 1: 1000 [1], which is 15% of all intracranial 
neoplasms [2]. Growth hormone adenoma is an extremely common 
functional pituitary adenoma, second only to pituitary tumors that 
hypersecrete prolactin. Only 5% of pituitary adenomas occur in  

 
patients with a familial history [1] and most are sporadic Growth 
Hormone (GH)-secreting pituitary adenomas [3], which cause 
acromegaly in adults, and excessive GH secretion during childhood/
adolescence can lead to gigantism [4]. Pituitary adenomas are 
thought to be monoclonal in origin [5], but the genesis of pituitary 
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tumors has remained controversial. These tumors can cause 
serious complications, including ophthalmological, neurological 
and endocrinological abnormalities. Currently, factors that increase 
tumor progression remain uncharacterized, although many of 
the genetic changes associated with familial pituitary adenomas, 
including Multiple Endocrine Neoplasia type 1 (MEN1), Carney’s 
complex and MEN4 [6-8], as well as germline mutations in the 
aryl hydrocarbon receptor interacting protein (AIP) gene and 
X-chromosomal microduplication, can predispose individuals to 
pituitary adenomas [6,9]. 

Somatic mutations in GNAS have been identified in 30–40% 
of GH-producing pituitary adenomas [7]. Interestingly, 53% of 
Japanese patients with GH-secreting pituitary adenomas have 
been reported to exhibit somatic GNAS mutations [8]. Mutations 
in the gene that encodes the α subunit of stimulatory G-protein, 
Gs, are the only mutational changes unequivocally associated 
with GH-secreting adenomas [10]. Pathological analyses have 
identified proliferation markers that were unaltered in mutated 
GNAS pituitary tumors and non-mutated tumors, suggesting that 
the GNAS1 mutation affected secretion rather than proliferation 
[11]. Only 5% of pituitary adenoma patients have a familial history 
and despite multiple extensive studies, no oncogene or tumor 
suppressor genes have been discovered to directly affect the 
pathogenesis of sporadic GH-secreting pituitary adenomas. In order 

to discover genes involved in these adenomas, whole-exosome 
sequencing can be utilized to search for new somatic mutations in 
sporadic GH-secreting pituitary adenomas. Recently, Ronchi et al. 
examined adenoma tissue genomes by targeted sequencing (n = 
31) and next-generation exome-sequencing (n = 36). No recurrent 
somatic mutations were observed, except for known alterations 
in the GNAS gene, which was like results collected by the whole-
genome sequencing (n = 12) performed by Valimaki et al. [13,14]. 
Together, this indicates that pathogenesis in sporadic GH-secreting 
pituitary adenomas remains to be clarified. In order to further 
explore the somatic landscape of sporadic GH-secreting pituitary 
adenomas, we performed whole-exome sequencing coupled 
to rigorous analytical methods, which further confirmed novel 
recurrent genetic alterations and important mutated genes.

Materials and methods
Patients and Tumors

Seven patients (3 males and 4 females, mean age 42 years [range 
20–77 years]) with sporadic GH-secreting pituitary adenomas, 
who did not have a family history of endocrine neoplasia (Table 1). 
The tumor samples were collected between 2012 and 2013 at the 
Shenzhen Second People’s Hospital and frozen while fresh. Tumor 
contents of adenomas were verified with hematoxylin and eosin 
stainings.

Table 1: Clinical Details of Patients.

Sample name Age,  y sex Tumor volume, cm GH levels, ng/ml

S153 30 M 0.96 7.15

S201 41 M 17.02 45

S235 56 F 0.63 15.4

S421 48 F 9.7 20.5

S426 20 F 8.1 16.5

SC01 54 F 3.42 34.6

SO01 17 M 3 36.5

Note: Abbreviation: GH, Growth Hormone. Estimated tumor volume using the Di Chiro-Nelson method of V=1/2(h*w*l) as 
documented on preoperative magnetic resonance imaging.

Whole-Exome Sequencing and Bioinformatics Analysis

Exome enrichment was performed using the Agilent Sure Select 
Human All Exon V5+ UTR, while sequencing was performed with the 
Illumina Hiseq 4000 platform outputting 150-bp reads. Sequencing 
data were aligned to hg19/GRCh37 using the burrows-wheel 
aligner (bwa v0.7.12). Single nucleotide variants and deletions 
were identified using mutect-1.1.7 and strelka-1.0.11.  Candidate 
driver mutations were identified using MutSigCV-1.4.

Gene Ontology and Pathway Enrichment Analysis for 
Mutated Genes

Gene Ontology analysis (GO) is a common method for annotating 
genes and gene products, while also for identifying characteristic 
biological attributes for high-throughput genome or transcriptome 
data. Kyoto Encyclopedia of Genes and Genomes (KEGG; http://

www.genome.jp) is a database that can be utilized in systematically 
analyzing gene functions and linking genomic information with 
higher-order functional information. Comprehensive mapping 
of a user’s gene to relevant biological annotations in the DAVID 
database (https://david.ncifcrf.gov) is essential for success in 
high-throughput gene functional analysis. In order to analyze the 
mutated genes at the functional level, GO enrichment and KEGG 
pathway analysis were performed in conjunction with the DAVID 
online tool. p < 0.05 was statistically significant.

Integration of Protein–Protein Interaction (PPI) 
Network and Module Analysis

The Search Tool for the Retrieval of Interacting Genes (STRING) 
database is an online tool designed to evaluate PPI information. 
STRING (version 9.0) covers 5,214,234 proteins from 1,133 
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organisms. In order to evaluate the interactive relationships among 
mutated genes, the genes were mapped to STRING, and only 
experimentally validated interactions with a combined >0.4 score 
were significant. PPI networks were then constructed using the 
Cytoscape software and the plug-in Molecular Complex Detection 
was used to screen the modules of the PPI network in Cytoscape. The 
criteria were set as follows: Molecular Complex Detection scores 
>3 and number of nodes >4. Function and pathway enrichment 
analyses were also conducted for mutated genes in the modules. p 
< 0.05 was statistically significant.

Results
Whole-Exome Sequencing

All tissues and blood samples of sporadic GHomas patients, 
matched by the exome analysis, were collected while informed 

consent was obtained. Whole-Exome sequencing, for spectrum of 
genetic alteration, was performed on 7 set of sporadic GHomas 
DNA and corresponding blood samples to identify a total of 2,197 
high quality SNVs and tumor-specific deletions (313.86/tumor) in 
7 GHomas (259, 238, 213, 424, 409, 266, 388, respectively) (Figure 
1). From which, 293 variants were predicted to be functionally 
damaging, including 272 missense, 53 splice-site, and 13 nonsense 
variants. The entire list of somatic mutations was presented in Table 
2. A total of 2197 high quality SNVs and tumor-specific deletions 
(313.86/tumor) were identified via whole-exosome sequencing 
of GH-secreting pituitary adenomas (Table 2 and Figure 1). 293 
variants were predicted to be functionally damaging, including 272 
missense, 8 splice-site and 12 nonsense variants. The entire list of 
somatic mutations is reported in Supplementary Table S1.

Figure 1: Statistics of high quality (minimum 10x coverage and 10% variant base read percentage) somatic SNVs reads: (i) 
The average sequencing depth of the target region within each chromosome, (ii) The number of somatic SNVs and (iii) The 
transition (Ts)– transversion (Tv) ratio of each tumor.

Table 2: Overview of somatic DNA mutations detected in 7 growth hormone adenoma samples.

Sample 
Name

Total 
Mutations

Mutation 
in dbSNP

Novel 
mutations Missense Nonse 

nse
Splice-

site UTR Synonymous Non_
coding Indels Hetero 

zygosis
Homoz 
ygous

S153 259 48 206 44 1 12 35 18 3 0 259 0

S201 238 47 186 39 3 8s 36 15 5 0 238 0

S235 213 55 154 33 1 6 36 14 1 0 213 0

S421 424 51 368 28 0 9 41 14 3 0 424 0

S426 409 73 330 40 4 8 44 30 4 0 409 0

SC01 266 40 221 34 1 1 33 16 3 0 266 0

http://dx.doi.org/10.26717/BJSTR.2019.15.002641
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SO01 388 54 329 54 3 9 42 22 3 0 388 0

Total 2197 368 1794 272 13 53 267 129 22 0 2197 0

Note: The number of Somatic DNA mutations detected in 7 growth hormone adenoma sample. SNVs was detected by mutect and 
indel was detected strelka. Total mutations mean all variation found in whole exome sequencing region. Novel mutation mean 
this mutation is not in dbSNP. Missense, nonsense, splice-site, UTR, synonymous, non-coding mean which function variation has. 
Heterozygous and homozygous mean whether this variation is diploid.

Identification of Candidate Driver Mutations

Consistent with the absence of a family history for pituitary 
adenomas, the tumor samples lacked germline mutations in genes 
encoding MEN1, CDKN1B, AIP, and PRKAR1A, which are familial 
genes in pituitary adenomas. In addition, no mutations were found 
in known oncogenes, tumor suppressor genes, or genes previously 
implicated in other pituitary tumors. In order to identify candidate 
driver mutations, MutSigCV-1.4 was used to correct for variations 
by using patient-specific mutation frequency and spectrum, as well 
as gene-specific background mutation rates that were incorporated 
into expression level and replication time [15]. Using these criteria, 
4 candidate driver mutations genes were identified: RBM43, 
KRTAP4-9, GNGT2 and CENPW. Previously, only GNGT2 had been 
implicated in tumorigenesis and epigenetic changes.

Gene Ontology and Pathway Analyses

Using GO analyses, genes were significantly enriched in 
metabolic processes and biological regulation (Biological 
Processes), the gene products were concentrated in the membrane 
and nucleus (Cellular Component), and the functions related to 
protein and ion binding (Molecular Function) (Figure 2). Using the 
KEGG database pathway analysis tool, there were no significant 
overlaps, however the discovered genes were associated with 
metabolic, calcium signaling, and adipocytokine signaling pathways 
(Supplementary Figures S1-S4), Yet there was not significant 
enrichment of the pathways and, integrating the data with the PPI 
network and module analysis, none of the genes were recognized 
as hub-genes.

Figure 2: Gene ontology analysis of somatic mutations. (A) GO biological process classification; (B) GO cellular component 
classification; (C) GO molecular function classification.

http://dx.doi.org/10.26717/BJSTR.2019.15.002641
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Discussion
Whole-exome sequencing of sporadic GH-secreting pituitary 

adenoma tissues identified several somatic variants. The mutation 
rate (~41 mutations/tumor) was slightly higher than previously 
reported in GH-secreting pituitary adenomas (n = 12), GH-secreting 
pituitary adenomas (n = 36) and non-functioning (n = 7) pituitary 
adenomas (13, 14, 16), However, unlike previous studies of other 
pituitary adenomas, there were no mutations involving the MEN1, 
AIP, PRKAR1A, CDKN1B and GPR101, GNAS, GPR101, or USP8 
genes [6,13,14,17,18]. 4 candidate driver mutations were observed 
in this study: RBM43, KRTAP4-9, GNGT2, and CENPW. Only GNGT2 
variants have been associated with any diseases. GNGT2, localized 
to chromosome 17q21, encodes the guanine nucleotide binding 
protein, Gamma Transducing Activity Polypeptide 2 (GNGT2) [19], 
which is thought to play a crucial role in cone phototransduction. 

However, GNGT2 is important in obesity, interacting with the 
chemokine signaling pathway to affect the risk of pancreatic cancer 
[20] and methylation of GNGT2 is linked to the tobacco smoking to 
risk of coronary artery disease [21]. The role of GNGT2 methylation 
in pituitary adenoma tumorigenesis and progression are needed 
to examine. Previous studies of pituitary adenoma have suggested 
that pituitary growth hormone imbalance is not caused by somatic 
mutation, but instead by epigenetic deregulation, including cytosine 
methylation, modification of histone proteins, or microRNA 
expression. Previous studies have reported that methylation plays 
a causative role in pituitary tumorigenesis [22] and both cell cycle 
regulators and putative tumor suppressor genes are methylated in 
pituitary adenomas [23-25]. For example, hypermethylation of the 
Rb gene promoter causes low expression levels of Rb in pituitary 
adenomas [26]. 

IK6 is a dominant-negative isoform of the transcription 
factor Ikaros, a zinc-finger DNA-binding protein, that is present 
in pituitary adenomas and has been shown to be epigenetically 
regulated through histone and DNA modifications [27,28]. Palmieri 
et al. observed reduced expression of multiple micro RNAs that 
target high mobility group A transcripts, HMGA1 and HMGA2, in 
each of the major pituitary adenoma subtypes [12]. Further studies 
are needed to examine the functional relevance of this pathway. 
Intriguingly, The GO term analysis showed that mutations genes 
were mainly involved developmental biological processes and ion 
transport in cancer cells differs substantially from normal cells 
[29]. Furthermore, the enriched KEGG pathways of mutations genes 
included calcium signaling, metabolic and adipocytokine signaling 
pathways, which indicates that these pathways are related, although 
there was no significant enrichment of these pathways.

Activated Ca2+ signaling leads to an increase in cytosolic free 
calcium, which then further triggers GH secretion [30,31]. These 
findings agree with a recent study that described whole-genome 
alterations in 12 GH-secreting tissues using next-generation exome-
sequencing (n = 36) [13,14]. Other pathways that participate 
in pituitary adenomas have not been reported, although some 

heterogeneous tumors have been observed to share a few common 
mutations [14]. Together, these data indicate that different genes 
act through the same molecular pathways and may contribute to 
tumor formation in sporadic GH-secreting pituitary adenomas.

Conclusion
We did not identify any novel or recurrent mutated genes from 

GH-secreting pituitary adenomas. However, these genetic findings, 
coupled with previous studies, suggests that different genes act 
through similar pathways or epigenetic changes, which may 
contribute to tumor occurrence and development.
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